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ABSTRACT
Electronic states of helium diners having potential energy > 24 eV and radia-
tive lifetimes as short as 19 ns have been generated in a micro-plasma jet at
super-atmospheric pressure and rotationally cooled by supersonic expansion.
Spatial-temporal spectrograms of d3⌃+u!b3⇧g (v0, v00) = (0, 0) emission are
obtained, which contain the information about the dynamic cooling process
during the molecular beam expansion. Analysis shows the spatial-temporal
evolution of the rotational temperature to be a damped sinusoid that reaches
a minimum value of 100 K, which is attributed to the reflection of electrons
from a virtual cathode located downstream of the jet nozzle. Data fitting to
the damped sinusoid function yields a spatially-averaged electron density of
108 cm 3. The experimental setup has the potential to be used in exploration
of the spectroscopy and plasma dynamics in various gas molecules.
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CHAPTER 1
INTRODUCTION
The study of atomic and molecular beams played an important role in modern
physics for more than 100 years. To name a few contributions, its develop-
ment has been associated with the the verification of the Maxwell-Boltzmann
velocity distribution of gaseous atoms (O. Stern, 1911), nuclear magnetic res-
onance (I. Rabi, 1938), fine structure in electronically excited H atom (W.
Lamb and R. Retherford, 1947), the precursor of the development of quantum
electrodynamics theory [1]. The technique of using supersonic beams joined
the arena in 1951 [2] by o↵ering molecular beams with well-defined density
and kinetic energy, and its unique cooling e↵ect. With the help of lasers,
supersonic beams further advanced the study of molecular spectroscopy. We
employ the cooling ability of supersonic molecular beams in this research.
The cooling drastically simplifies the emission or absorption spectrum, by
compressing the population into the lowest vibrational-rotational levels.
On the other hand, microcavity plasma technology was developed more
than ten years before this thesis was written. It has been proved as an ef-
ficient method to generate transient molecules like rare gas dimers that are
hard to obtain in traditional plasma devices or by optical methods [3]. Ac-
cording to Paschen’s law [4, 5], reducing the distance between the discharge
electrodes increases the operating gas pressure under certain breakdown volt-
age, enhancing the collisions between gas molecules that contribute to certain
physical processes, such as three-body collisions.
Aiming to discover new phenomenon in molecular spectroscopy and plasma
physics, this research combines the advantages of the two techniques dis-
cussed above. We utilize a microcavity plasma device to generate electronic
molecular states that have excitation energies at least 24 eV and very short
radiative lifetimes and employ supersonic cooling to simplify, “decongest”
the emission spectrum of these highly excited molecules.
In our experiment, helium dimers with highly excited electronic states
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are generated, rotationally cooled while expanding in the vacuum, and the
processes of which are recorded by capturing spectrograms that change with
time and space.
We have obtained the spectrograms of d3⌃+u!b3⇧g (v0, v00) = (0, 0), f 3⌃+u !
b3⇧g(v0, v00) = (0, 0) and e3⇧g ! a3⌃+u (v0, v00) = (0, 0) emissions in helium
dimers. Analysis of the d3⌃+u!b3⇧g (v0, v00) = (0, 0) emission shows the
spatial-temporal evolution of the rotational temperature to be a damped si-
nusoid that reaches a minimum value of 100 K. This reproducible behavior
is attributed to a virtual cathode located downstream of the expansion. A
fitting of the model yields a spatially-averaged electron density of 108 cm 3.
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CHAPTER 2
THEORETICAL BACKGROUND
2.1 Supersonic expansion
Over the decades, supersonic molecular beams have remained a useful tech-
nique to facilitate the study of molecular spectroscopy and found numerous
applications in a broader field of research in atomic and molecular physics [1].
Supersonic expansion has additional benefits including the ability to prepare
the molecules under inspection with very low internal temperature so that
the absorption or emission spectrum becomes less congested and more inter-
pretable. Detailed discussion of this “cooling e↵ect” can be found in other
sources, e.g. [1, 2, 6] but will be briefly discussed here.
As shown in Figure 2.1, an opening orifice on the gas reservoir connects
the high pressure gas to the vacuum environment. If the dimension of the
orifice is much larger than the mean free path of the gas molecules in the
reservoir, but not large enough to spoil the vacuum, the molecules experience
a number of collisions during their expansion, which converts internal energy
of the molecule into directed kinetic energy. This energy conversion can
be quantitatively written in the following equation, assuming an adiabatic
Figure 2.1: Illustration of supersonic expansion. High pressure gas is
released into the vacuum via an orifice on the reservoir.
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and isentropic process by neglecting gas viscosity and heat transfer with the
environment,
H(T ) +
1
2
u(x)2 = H(T0) (2.1)
For the molecular gas, H(T ) denotes its enthalpy at location x along the
axis of expansion with x = 0 at the orifice opening, 12u(x)
2 denotes kinetic
energy of molecules in collective motion and T0 is the initial temperature in
the reservoir.
As the molecules expand further away from the orifice, the velocity of the
collective movement of the molecules u(x) keeps increasing, while the entropy
and internal energy of molecules are decreasing, molecules being cooled. In
reality (as we will see Chapter 4), the system is not in thermal equilibrium
and has to be described by di↵erent temperatures in terms of translational,
rotational, vibrational and electronic energies. Since the energy di↵erences
between adjacent levels are increasing in the following sequence,
translational < rotational < vibrational < electronic
the translational temperature is cooled most e ciently. Less e cient is the
cooling of rotational and vibrational temperatures, and at last, almost no
cooling in electronic temperature. The concept of temperature cooling can
be easier to understand when we evoke that the term “temperature” in a
microscopic sense means how randomly the molecules move in certain modes
of motion. When the more random translational motion of the molecules is
converted into a more directed translational motion, the translational tem-
perature is decreased.
For an ideal gas under thermal equilibrium, the depth of cooling is related
to the depth of drop in the pressure, as follows [6],
T1
T0
= (
p1
p0
)(  1)/ ;
⇢1
⇢0
= (
p1
p0
)(1/ );
⇢1
⇢0
= (
T1
T0
)1/(  1) (2.2)
where P, T and ⇢ refer to pressure, temperature and gas density, respectively.
Subscripts 0 and 1 represent the initial and final states. In conclusion, a large
reduction in temperature requires a large pressure di↵erence.
For ideal gas, the speed of sound a is proportional to the local gas tem-
perature, given by,
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a(T ) =
r
 RT
m
(2.3)
A term related to the speed of sound and commonly encountered in gas
cooling is the Mach number, M , defined as M(x) = u(x)/a(x). Apparently,
the Mach number increases as the temperature reduces because the speed of
sound decreases. When M(x) is larger than unity, the expansion becomes
supersonic. Mach numbers of 20 or greater are typical in supersonic expan-
sion [6].
2.2 Energy structure of He2
The energy structure of a diatomic molecule can be understood by Born-
Oppenheimer approximation. Because the mass of electrons is much smaller
than that of the nuclei, under Born-Oppenheimer approximation the nuclei
and the internuclear distance are assumed to be fixed when studying the be-
havior of electrons. As a result, the energy of a particular quantum state can
be approximated as a sum of electronic, vibrational, rotational and transla-
tional energies, i.e., E ' Ee + Ev + EN + Et, while the true wave function
of the molecule is approximated by a product of electronic, vibrational and
rotational wave functions (nuclear part and spins not considered). Under
Born-Oppenheimer approximation, quantum mechanic computation yields
various potential energy surfaces (PES), the bottoms of which form di↵erent
electronic states. For diatomic molecules, the bottom of a certain PES can
be approximated as parabolic and thus the discrete vibrational energies asso-
ciated with this electronic state can be modeled using harmonic oscillation,
Ev(v) = (v +
1
2
)~! (2.4)
where v denotes vibrational quantum number v = 0, 1, 2 ..., ~ is the reduced
Plank constant and ! is the angular frequency for the vibration determined
by the curvature of an electronic potential. For a certain vibrational level,
the rotational motion of the nuclei can be modeled on the first order as
rigid-rotator, of which the discrete energies levels are given by,
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EN(N) = BN(N + 1) =
~2
2I
N(N + 1) (2.5)
where N is the rotational quantum number N = 1, 2, 3 ..., B is the so-called
rotational constant defined as B = ~
2
2IN(N + 1) where I is the molecule’s
moment of inertia.
Figure 2.2 shows some energy levels in He2 [7]. Each electronic state is
designated by a combination of united atom molecular orbitals (UAMOs)
and term symbols in the LS coupling scheme. For a detailed discussion on
molecular orbital theories, angular momentum coupling scheme and term
symbols, refer to books on physical chemistry such as [8] or Herzberg’s treat-
ment on the energy structure of diatomic molecules [9]. Note that in Figure
2.2, all energies are given relative to the v = 0, N = 0 level of the first
metastable a3⌃+u state, which is 22.4 eV above ground. As a result, for the
three electronic states we survey in this research, namely d3⌃+u , e
3⇧g, and
f 3⌃+u states, their energy levels are more than 24 eV above ground. Exper-
imentally, these electronic states with relatively high excitation energy are
generated in microcavity plasma devices.
6
Figure 2.2: Energy levels in helium dimers. Each electronic state is
associated with its own quasi-equally spaced vibrational energy level, and
each vibrational energy level in turn is associated with its own rotational
energy levels. All energies are given relative to the v = 0, N = 0 level of the
first metastable a3⌃+u state, which is 22.4 eV above ground [7].
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CHAPTER 3
EXPERIMENT
3.1 Microcavity plasma jet
A custom-made microcavity plasma device is used in the discharge to excite
gas molecules. A schematic diagram of the device’s structure is shown in
Figure 3.1. The fabrication process is similar to those as described in [10,11].
Two strips of anodized aluminum are bonded together to form two electrodes
for the dielectric barrier discharge. The initial thickness of aluminum foil is
250 µm and after the anodization process only 30 µm of the aluminum core
is left in each strip. In the last step, the bonded stips are etched all the way
through using a sandblaster, yielding a parabolic cross section with a 200
µm diameter opening on the vacuum side. When operating, a pulsed valve
is attached to the back of the device to control the gas flow.
3.2 Experimental arrangement
The experimental arrangement is illustrated in Figure 3.2. The device and
its attached valve are placed in a vacuum chamber that is pumped to 10 7
Torr when the experiment is o↵. When the device is being discharged at
4 atm backing pressure and 10 Hz frequency (thus the valve will open 10
times in one second), the background pressure within the chamber raises up
to approximately 5⇥10 6 Torr, sustaining a big pressure di↵erence to enable
supersonic cooling. The driving circuits for the discharge are customly made
which incorporate a Blumlein pulse generator and thyratron switch, enabling
a 2 kV discharge voltage of 20⇠30 ns rise time and duration less than 200 ns
across the electrodes. In order to obtain a spectrum at each temporal moment
downstream of the expansion, lenses and steering mirrors are used to image
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Figure 3.1: Schematic diagram of the microplasma device (dimensions not
to scale). The opening on the vacuum side is ⇠ 200 µm in diameter.
Following the chemical anodization process, two electrodes are embedded
within the oxidized aluminum. They are bonded and etched through using
a sandblaster, resulting in a parabolic cross section with a 200 µm diameter
opening on the vacuum side.
the axis of expansion onto the slit of a Czerny-Turner spectrometer with 0.75
m focus length. It is worthy to note that the image of the axis should be
in parallel with the slit, so that on the focal plane of the spectrometer an
intensified CCD (ICCD) will capture a spectrogram of all locations along the
axis of the molecules’ expansion. The discharge, pulsed valve, and ICCD are
all triggered by a DG535 pulse generator for synchronization.
3.3 Two main emission stages
It is observed that from the outset of discharge, the process of fluorescence
can be divided in time into two di↵erent stages with starkly di↵erent fea-
tures. The first stage starts with the rising of the high-voltage pulse and
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Figure 3.2: Schematic diagram of the experimental arrangement
(dimensions not to scale). 2 kV voltage with short duration and fast rise
time is applied across the device at 10 Hz. The pressure of the gas is 4 atm.
Discharge, pulsed valve and ICCD are synchronized by a DG535 pulse
generator. The axis of the expansion is imaged in parallel onto the input
slit of the spectrometer.
is characterized by a burst of fluorescence with relatively strong intensities
observed on the ICCD array without the use of a spectrometer. The fluores-
cence spreads across the whole array within tens of nanoseconds, indicating a
propagating speed on the order of several kilometers per second. This speed
does not correspond to the propagation speed of the atoms of the gas and thus
is attributed to the burst of electrons released from the outset of discharge.
These electrons impact the existed atoms in the vacuum (the valve has been
opened before the arrival of discharge), and excited atoms contribute to the
burst of fluorescence. It is safe to say that no emission from excited dimers
is present in this strong fluorescence after we checked the emitted spectrum.
This initial burst of atomic fluorescence fades within several hundreds of
nanoseconds and a second kind of fluorescence starts roughly 230 ns after
the arrival of the voltage, even though the atomic emission at this time
is not completely gone. ICCD monitoring shows that this second stage of
fluorescence propagates at a speed much slowler than the first and is consis-
tent with the propagating speed of gas atoms. The spectrogram shows that
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transitions between di↵erent electronic states in helium dimer contributed
to this stage of fluorescence. Especially, d3⌃+u ! b3⇧g(v0, v00) = (0, 0),
f 3⌃+u ! b3⇧g(v0, v00) = (0, 0), and e3⇧g ! a3⌃+u (v0, v00) = (0, 0) emis-
sions are captured on ICCD array. Figure 3.3 shows the spectrogram of
d3⌃+u ! b3⇧g(v0, v00) = (0, 0) emission. These spectrograms not only prove
the generation of these electronic states in helium dimers, but also provide
the information about their temporal-spatial evolution during the cooling
process, which we will analyze in Chapter 4.
Figure 3.3: False color spectrogram image shows the temporal-spatial
evolution of the rotationally resolved d3⌃+u ! b3⇧g(v0, v00) = (0, 0) emission
along the axis of supersonic expansion.
3.4 Emission spectrogram of helium dimers
From the spectrogram of d3⌃+u ! b3⇧g(v0, v00) = (0, 0) emission in Figure
3.3, we can see that lines P(2), P(4), P(6), ...P(16) are clearly resolved and
identified, as are the Q(1), Q(2), Q(3), ...Q(17) for the Q branch and the
R(2), R(4), R(6), ... R(16) for the R branch. This means that for the
d3⌃+u ! b3⇧g(v0, v00) = (0, 0) transitions, the physical information about the
upper rotational levels up to N = 15 can be deduced from the spectrum. The
full-width-half-maximum (FWHM) of each line is no more than 0.4 A˚, which
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is less than 1 cm 1 around a center wavelength of 640 nm. The exact positions
of these identified lines are compared with those in Ginter’s paper [7] and for
most lines, the di↵erence from values in the literature is no more than 1.5
cm 1. In fact, the resolution of the spectrum we got here is high enough that
on the ICCD array 75% of the peak intensity for one line falls only within
three pixels. This is good for identifying the wavelength of each line but
can increase the error when we do a lineshape fitting (the more meaningful
data points used, the better the model fitting result). It is therefore more
beneficial to purposely decrease the spectrometer resolution by defocusing
the ICCD in the situation of model fitting.
Also resolved in the experiment but not shown here are the emission spec-
tra of f 3⌃+u ! b3⇧g(v0, v00) = (0, 0) and e3⇧g ! a3⌃+u (v0, v00) = (0, 0) transi-
tions.
It is worthwhile to note that these spectrograms captured not only the
spectrum at one moment in the dynamic progress, but recorded the spectrum
at every single moment and location downstream of the nozzle where the
molecules traveled. They are, therefore, temporal-spatial spectrograms that
contain the information about the evolution of the populations at di↵erent
energy levels of He2 during the expansion.
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CHAPTER 4
ANALYSIS
4.1 Rotational temperature analysis of He2
d3⌃+u ! b3⇧g(v0, v00) = (0, 0) emission
As we have mentioned at the end of Chapter 3, each row of pixels on the
spectrogram of Figure 3.3 represents the spectrum of the fluorescence emitted
by the molecules when the molecules travel to that location. Figure 4.1 shows
two rows of the spectrum, the P branch of the He2 d3⌃+u ! b3⇧g(v0, v00) =
(0, 0) emission at location 5 µm (red) and 250 µm (blue) away from the exit
of the device, respectively.
Two things have been brought to our attention. Firstly, the relative in-
tensities of di↵erent lines change drastically between the spectra captured at
two di↵erent locations. For example, when the excited molecules are 5 µm
away from the nozzle, the P4 line is stronger than the P2 line. When the
same cluster of molecules travel to the location 250 µm away from the nozzle,
however, the P2 line becomes stronger than the P4 line, indicating a lower
value of rotational temperature than that at 50 µm. More generally, the
change in the intensity envelope of the lines from P2 to P16 reflects cooling
in the rotational temperature. Secondly, even for the spectra at one single
location, for example, the 250 µm one (blue), the intensity envelope of the
P branch does not follow a smooth Boltzmann distribution profile because
P10 and P12 have higher intensities than those expected from a Boltzmann
distribution, while the intensities of P14 and P16 drop abruptly. In other
words, the distribution of the population in di↵erent rotational levels cannot
be described by a single temperature under Boltzmann distribution. In order
to model the change in temperature as the molecules travel in a vacuum, we
use a modified Boltzmann distribution characterized by two rotational tem-
peratures, in which the intensity I(N 0) of the transition from upper level N 0
13
Figure 4.1: P branch of the He2 d3⌃+u ! b3⇧g(v0, v00) = (0, 0) emission at
location 50 µm (red) and 250 µm (blue) downstream of the nozzle. Notice
the change in rotational distribution at two di↵erent locations. On the left
of the P branch are the lines of the Q branch for which not all lines are
labeled in the figure.
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is given by,
I(N 0) = S(N 0)(1e
  B
0
0
kT1
N 0(N 0+1) + 2e
  B
0
0
kT2
N 0(N 0+1)) (4.1)
where S(N 0) is the “line-strength” factor as a function of N 0 for the P branch,
B00 is the rotational constant of the upper vibrational level v’ = 0, 1 and 2
are two constants weighing the contribution from each temperature T1 and
T2.
With the aforementioned model, MATLAB is employed to fit rotational
temperatures to each row of the spectrum in Figure 3.3. Figure 4.2 plots the
fitting result of one set of data.
Figure 4.2: Temporal evolution of the fitted rotational temperatures along
the axis of expansion.
The top section of Figure 4.2 presents the two fitted temperatures as a
function of traveling time (or distance away from the nozzle) and the bot-
tom section presents the fractional population of the molecules that can be
characterized by the corresponding temperature, given by 1\(1 + 2) and
2\(1+2). Although the molecules do not travel at a constant speed after
they leave the nozzle, a rough approximation can be made that they travel
2⇠3 µm per nanosecond on average. Error bars are marked on the figure
for the fitted temperatures. The cooling e↵ect is a rmed from the result of
this fitting; the high temperature, which accounts for less than 40% of the
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population, decreases drastically from more than 1000 K to 800 K within 30
ns while the low temperature that accounts for a larger population, decreases
from about 250 K to around 100 K. In order to verify the repeatability, more
sets of data are taken on di↵erent dates and on di↵erent parts of the ICCD
array. Similar fitting results are consolidated in Figure 4.3. For certain sets
of data, cooling of high temperature to ⇠600 K and low temperature to below
⇠100 K is achieved.
4.2 Damped harmonic oscillation in rotational
temperature cooling
Figure 4.3 shows four sets of the temporal evolution of the low tempera-
ture (top) and high temperature (bottom) along the axis of expansion. Not
only do they share the same trend of cooling, but the temperatures follow a
damped oscillation profile in all sets of data. Noticing that the four sets of
data are taken on di↵erent dates and on di↵erent parts of the ICCD array,
which eliminates the possibility of intrinsic modulation on the ICCD array.
Considering the configuration of the device, we attribute this observed si-
nusoidal trend to the reflection of electrons from a virtual cathode located
downstream of the expansion. This is illustrated in Figure 4.4.
Recalling the discussion of “the first emission stage” in Section 3.3, upon
the discharge, the electrons are accelerated and repelled by the cathode into
vacuum at a very fast speed. However, the electric field in the vacuum points
away from the nozzle because of the location of the anode. For the electrons
that do not have enough kinetic energy to overcome the potential barrier,
they reach the virtual cathode and then travel back to the nozzle. The
electrons thus move back and forth between two cathodes and heat up the
traveling molecules whenever they encounter them. This heating mechanism
adds onto the supersonic cooling e↵ect for the helium dimers, resulting in a
damped sinusoid profile as shown in Figure 4.3 or the enlarged Figure 4.5. On
an attempt to verify our conjecture, we try to fit the rotational temperatures
to a damped harmonic oscillation model, which is discussed as follows. The
basic formula that governs a harmonic oscillation is given by,
x¨+ 2 x˙+ !0 = 0 (4.2)
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Figure 4.4: Electrode configuration of the microplasma device and the
virtual cathode in the vacuum. Green lines represent the directions of the
electric field.
where   is the damping factor, !0 is the oscillation frequency, and x is the
physical variable that oscillates, for example, the location of a particle or the
rotational temperature T that reflects the oscillated motion of the electrons.
Assuming !0 to be the plasma frequency and substituting T for x, we can
solve Equation 4.2 and get,
T (t) = T0e
  tcos(!0t) (4.3)
The result of the fitting and the data points used are shown in Figure
4.5. Within 25 ns of the molecules’ expansion, the evolution of rotational
temperature fits well to a damped sinusoid, yielding a plasma frequency of
about 5⇥ 108 Hz, which corresponds to an electron density of 7⇥ 107 cm 3.
This value might look small at first glance. However, since the “second
stage of emission” as described in Section 3.3 happens about hundreds of
nanoseconds after the initial burst of the electrons, the electrons that still
participate in the oscillation at the second stage may not be as numerous as
those within the plasma device initially.
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Figure 4.5: Damped sinusoid fitting (solid line) of the rotational
temperatures of the molecules within the travel of 25 ns away from the
nozzle.
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CHAPTER 5
CONCLUSIONS
An experimental technique that combines a microcavity plasma device and
supersonic expansion has been demonstrated. Electronic states in helium
dimers that have high excitation energies and short lifetimes have been gen-
erated and studied. For the d3⌃+u ! b3⇧g(v0, v00) = (0, 0) emission, the
rotationally resolved spectrum has been recorded on a temporal-spatial axis
of the expansion, enabling the study of plasma dynamics in time and space.
It has been found that the rotational temperature of the ground vibrational
state of the electronic state d3⌃+u is e↵ectively cooled. The temperature that
describes the majority of the population has been cooled below 100 K. The
temporal evolution of the rotational temperature features a damped sinusoid,
which we attribute to the repelling of electrons by a virtual cathode located
downstream of the nozzle. With this physical model, numerical fitting yields
an electron density of 7⇥ 107 cm 3, the reasonability of which is discussed.
Beyond work presented in this thesis, the presented experimental technique
is expected to facilitate the study of molecular spectroscopy and plasma dy-
namics, especially for the electronic states that are hard to obtain from the
ground using optical methods. Also of value is the technique’s ability of tem-
perature cooling and that the collisions happening through the process are
desired in various physical processes such as rotational relaxation or popu-
lation transfer among di↵erent electronic states. In this light, future work
may be to extend this technique to the study of physical processes in other
molecules, such as Ne2, Ar2, N2 or CO2. For the He2, since we are able
to compress the population into certain rotational levels through the cool-
ing process while monitoring, future work may also involve using lasers to
manipulate the population of a specific rotational level.
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